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The Block IV Subcarrier Demodulator Assembly (SDA) has been designed with
four loop bandwidths. Two of these bandwidths are designed with unity damping,
while the other two are achieved by increasing the loop gain. Normal tracking can
be done in any one of the four bandwidths, or the “high-gain” bandwidths of the
set may be used as an acquisition bandwidth. The transition from acquisition to
tracking mode should be accomplished by providing a slow reduction in gain in
order to limit the peak phase error during the transition time. Excessive phase
errors can lead to loss of lock or a greatly diminished quality of data. Experimental
evidence and preliminary analysis have shown that the original phase error tran-
sient due to acquisition should be allowed to die out before bandwidth reduction
is initiated in order to minimize the peak phase error. This article documents the
experiments and analysis that led to the bandwidth reduction procedure used
in the Block IV SDA so that acquisition is complete 80 seconds after phase lock for
the 3.9- to 0.5-Hz configuration and 1300 seconds after phase lock for the 0.23- to
0.03-Hz configuration.

l. Introduction

The Block IV Subcarrier Demodulator Assembly (SDA)
has been designed with four loop bandwidths: 0.03, 0.23,
0.5, and 39 Hz. Two of these bandwidths (0.03 and
0.5 Hz) have been designed with critical damping and
will be called narrow-bandwidth, normal-gain and wide-
bandwidth, normal-gain, respectively. These two band-
widths can be increased to 0.23 and 3.9 Hz by increasing
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the gain by ten to one, and are then called narrow-
bandwidth, high-gain and wide-bandwidth, high-gain.

Two fundamental acquisition techniques are possible:
(1) change the loop time constants and the loop gain (i.e.,
keep the damping factor constant) and (2) change only
the loop gain (increase the damping factor when the loop
gain is raised). The first approach was not used since it is
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more difficult to implement. Furthermore, a smooth band-
width transition is not practical to implement when both
time constant and gain are changed in such a manner as
to keep the damping constant. The second approach of
gain reduction to effect a bandwidth reduction can be
accomplished either by an instantaneous gain switch or a
gradual change in the gain.

Figure 1 illustrates a series of tests (all testing discussed
in this article will be limited to the more difficult narrow-
bandwidth case) in which the phase transient was mea-
sured after T, seconds had elapsed between the last cycle
slip and when the gain was switched instantaneously
from the high value to the normal value. In this case, the
results of this test indicate that if T, is made large enough
(approximately 1000 seconds), the transient can be held to
an acceptably low level, since in the range of anticipated
frequency offsets, the effect due to frequency offset is
negligible. This test was repeated in the presence of
design point noise (S/N, = +8dB), and the peak phase
error increased to an unacceptable level.

To gain an insight into the problem, a control loop was
developed such that the loop gain was held high until the
error was reduced to some preset value (¢¢), and then
the loop gain was allowed to reduce in such a fashion as
to keep the phase error constant at ¢.. This experiment
(see Fig. 2) illustrates that not only must we wait T, sec-
onds for the acquisition transient to die out, but that we
require T. seconds to reduce the gain. Further, it estab-
lishes an experimental value for T, that will be useful in
confirming the analysis that follows.

The preferred acquisition technique is to acquire in the
narrow-bandwidth, high-gain mode and allow the acqui-
sition transient T, seconds to die out and then smoothly
reduce the bandwidth to the narrow-bandwidth, normal-
gain mode in T, seconds.

Two more experiments were run to confirm the relation-
ship between T, and T, and the peak phase error. Figure 3
shows T, held constant and illustrates that, even with a
“soft switch,” the initial transient must be allowed to die
out. The experiment shown in Fig. 4 was run holding T,
constant and illustrates the importance of properly con-
trolling the time T. allowed for the gain reduction.

I1. Analysis

The two aspects of the problem that are analyzed here
are the transient settling time T, and the time to reduce
the gain to 10% of the initial value, which is denoted by
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T,. Both calculations are based on the assumption that
there is no noise present in the loop. A study is in progress
to consider the case in which there is noise. Based on the
experimental evidence of Figs. 1-4, it is anticipated that,
even at threshold, the two times T, and T'; will not change
appreciably from those predicted in this analysis.

A. Transient Response

In order to make the problem amenable to solution, we
assume that the phase error is always small enough so that
the linear model is applicable. Figure 5 shows the base-
band model of a linear phase-locked loop.

If the loop filter is given by

. (1 + 723)2
F) =1 57er M)
then the differential equation describing the loop phase
error ¢ (t) is given by

236 (1) +(2r, + G () + (1 +2Gr) ¢ (1) + G () =
b, + 2r. 0, + 26;
(2)

where G = K,K is the open-loop gain of the loop and con-
tains the limiter suppression gain as well. The case of
interest occurs when the input has a doppler shift Q,

so that
de

In order to specify a solution, the three initial condi-
tions must be specified:

¢ (0) = ¢o
¢ (0) = do (4)
¢ (0) = ¢,

Following frequency acquisition, we can arbitrarily
define ¢ = 0 to be the time at which the initial conditions
are specified. Taking Laplace transforms of Eq. (2), we
find that the Laplace transform of the phase error @ (s) is
given by

Qo/s + 7o + [728 + (2r1 + Gr3)] o
728 + (27, + Grd)s* + (1 + 2Gr)s + G

B(s) =

[73s 4+ (2r; + GrB) s + (1 + 2Gr2)] 90 (5)
s+ (2r + Gr) & + (1 +2Gr)s + G
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From the final value theorem, we can show that the
steady-state phase error is given by

dee = lim & (£) = lim So(s) = %— (6)
t> 8->0

In order to obtain the inverse Laplace transform of
® (s), we must factor the denominator of the @ (s) poly-
nomial in Eq. (5). Using the parameters of the narrow-
band, high-gain mode, G = 568, r, = 5,250, and r, = 148,
and the use of a root finding program the phase error was
found to be given by

¢ (t) — 0.017690 + Ae—0.00GOSt + Be—0.44075t + Ce—\0.00775t
(7)

where A, B, and C depend on the loop parameters as well
as the initial conditions o, ¢, and ¢,, which are unknown.
It has been found experimentally that it is necessary to
wait until the phase error and its derivatives are very
small before the gain is reduced to narrow the loop band-
width. It is clear that if the first exponential term is re-
duced to, say, 2% of its final value by waiting until some
time T, then at that time, ¢ (¢) is less than or equal to 2%
of its initial value. If we arbitrarily select 2% (3.9 time con-
stants) as the required value, then we must wait

T (narrow) = 648 seconds (8)

before the gain is reduced. This value of T, has been veri-
fied experimentally (see Fig. 3).

In the wide-band, high-gain mode, using the param-
eters 7, = 5,250, 7, = 891, and G = 2.63 X 10¢, we find
that

¢ (t) = 3.85 X 107 Q, + A’ 010088t | PB’g-0.12009¢
-+ G’ e0-73454 (9)

where, as before, A’, B/, and C’ depend on the above loop
parameters as well as ¢o, ¢o, and ¢,. We find that the
phase error is no larger than 2% of its maximum value just
after frequency acquisition in the wide-band acquisition
mode when t = T;, where

T, (wide) — 40 seconds

B. Required Gain Change to Maintain Constant
Phase Error

After the phase error is reduced to a sufficiently small
value following acquisition, the gain is reduced to bring
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the loop into the narrow-bandwidth, normal-gain mode.
Generally speaking, a quick reduction of the gain causes
the phase error to increase dramatically, with the attend-
ant possibility of losing lock (see Figs. 1 and 4). A reason-
able approach to the gain reduction problem is to reduce
the gain at a rate such that the phase error does not exceed
some maximum value. Under a maximum phase error con-
straint, the optimal procedure for minimizing the time to
reduce the gain to 10% of its initial value is to hold the
phase error constant at the maximum value by reducing
the gain accordingly. We now derive the loop equation in
the case in which the loop gain is a function of time, so
that we can determine the optimal gain contour and T..
In Fig. 6, each low-pass filter has the transfer function

. 1+72.S‘
T 1+ s

H(s) (11)

To simplify the calculations, we let (using 7. < < 7,)

1 Ty
H(.S‘)ga—*-——, o= " (12)

738 T1

We assume that G(¢) is an arbitrary function of time.
Then, assuming that the initial voltages v, and v, are
stored on the capacitors, we have (for convenience letting
¢t = 0 represent the time T s after acquisition)

¢ ¢
0—([):/ {Dl+a|:00+aAK¢+Ti/ AK¢(t”)dt”]

»
+ 2 [vo + «AKo + 1 Aqu} dt”} day
Tt Jo T1
(13)
If we normalize time by
T = -t‘ (14)

T

&)

and define a new gain parameter g (¢) (the gain con-
tour) by

g =0 (15)

T1

then, by suitable differentiation, we can show that Eq. (13)
becomes

$(r) G (r) + (24 () +2¢(r)) 4 (v)
+H(E () +26() + () g () =6() — F(x) (16)
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In the case where the phase error and the input phase
are constant, the differential equation becomes

G(r) +29(r) +q(r) =0 (7)
The solution is given by
qg{(r)=(A+Br)e7, r=0 (18)

In order to evaluate the unknown constants A and B,
we note that at + = 0 (the time when the phase error is
first held constant), the charge on the capacitors is con-
stant. By differentiating Eq. (13) once, normalizing using
Eq. (14), and letting 7 = 0, we get

6(0) —$(0) —q(0)$(0) = (vs +avy)r.  (19)

Since the phase error ¢ (£) is continuous near zero and
v, and v, are constant at - = 0, we see that the right-hand
side of Eq. (19) is constant. Letting the time 0- denote the
time just before the phase error is held constant and 0+ the
time just after, we obtain from Eq. (19) that

q(0) =q(0) + (20)

$(07)
¢ (07)

By differentiating Eq. (13) twice and using Eq. (14), we
have, at - =0,

§(0)~ & (0)— 4 (0) ¢ (0) — q (0) 4 (0) —2q (0) ¢ (0) = voar
(21)

Since the right-hand side is constant at 7= 0, we can show
that

0y = 800 5O

Hence, in order that the phase error be held constant,
we require (converting derivatives on r to derivatives on
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time) that the optimal gain contour using Egs. (20) and
(22) in Eq. (18) is given by

q(f) = {q 0) + . Z((Oo_)) + [q (0) + 725

: -y — i —1/7.
+ 7 o (0) (g (0" 1)] }e /Ty (23)
which is valid for ¢ > 0*.

The initial conditions are in general unknown. How-
ever, under the assumption that we wait until the phase
error has decayed to about 2% of its maximum value ob-
tained after frequency acquisition, it can be shown that

both

and

are close to unity and q(0-) is 67.5, which is obtained
by using Eq. (15) and G = 568, r, = 5250, and r. = 148,
so that in the narrow-band, high-gain mode we have
approximately

T2

134¢
g(t)= <68 + 3 >e‘t/72 (24)
Since the bandwidth depends on g () by

g+ 15
w; = 0115w, q [m] (25)

we see that a 10 to 1 reduction in g (¢) providesa 7.8 to 1
reduction in bandwidth. Using Eq. (24) we find that for
g (t) to drop to 6.75 (10% of 67.5) requires 680 seconds in
the narrow-band mode and 41 seconds in the wide-band
mode. The actual gain contour used for bandwidth reduc-
tion is an approximation to Eq. (24).
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Fig. 1. Peak phase error vs. settling time T; for a
step change in bandwidth
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Fig. 2. Controlled phase error ¢ vs. time T: to reduce
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Fig. 3. Peak phase error vs. T; for a gradual change
(T2 = 525 s) in bandwidth

JPL TECHNICAL REPORT 32-1526, VOL. XIii



PEAK PHASE ERROR ¢p, deg

80

60

.
<o

20

X ¢
ép
0
wy = 0.03 Hz

it
T, = 500 seconds

1

Q

0= +0,01 Hz, Wﬁ(): 0,03 Hz

$/Ny = +8dB
f 0

S/N0 = 0

|
0 200 400 600

T,, seconds

2

Fig. 4. Peak phase error vs. T2 after phase transient is
allowed to die out (T1) for 500 s
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Fig. 5. Linear model of phase-locked loop

Fig. 6. Model of third-order loop showing initial
capacitor voltages
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